The fact that human cancers have preferential sites of distant spread indicates that metastasis is a highly specific and regulated process rather than a random event. Breast cancer is one of several cancers, including prostate, thyroid, and kidney, that display a very high frequency of metastasis to bone (1) . The predilection for breast cancer to spread to bone was recognized more than a hundred years ago by Paget (2) , who proposed that bone provides a favorable and specific "soil," or microenvironment, for the growth of specific "seed," or breast cancer cells.
As a densely mineralized tissue, bone represents a particularly harsh environment for successful tumor cell establishment and growth. Older ideas of pathogenesis favor the view that tumor cells themselves directly cause bone breakdown as a result of their general invasive properties. Such invasive capability is essential, of course, but there is little doubt that the most important specific property required of cancer cells to metastasize in bone is the ability to promote bone resorption, thereby providing a niche in which tumor cells can grow and expand in this otherwise hostile environment. The resorption by host osteoclasts is essential to provide space for tumor establishment and expansion within the mineralized bone matrix (3) . Human breast cancer deposits in bone are surrounded by active osteoclasts (3, 4) , and evidence obtained from animal models demonstrates active softening, resorption, and destruction of bony tissue (osteolysis) (4, 5) metastasis to bone (6) . Furthermore, inhibition of osteoclastmediated bone resorption is effective in reducing bone metastatic burden in clinical (7) and experimental studies (8) . In this issue of the JCI, Gallwitz and colleagues (9) investigate the inhibition of osteolytic bone destruction associated with metastatic human breast cancer cells.
Osteoclast formation
The development of active osteoclasts requires intimate contact between osteoblastic stromal cells and osteoclast precursors of the monocyte/ macrophage lineage. This process is influenced by several hormones and cytokines, including 1.25 dihydroxyvitamin D 3 , parathyroid hormone (PTH) and PTH-related protein (PTHrP) prostaglandin E 2 IL-6, and IL-11, all of which enhance osteoclast formation (10) . These factors are unable to mediate osteoclast differentiation in the absence of osteoblastic stromal cells, but they act directly upon the latter to control the production of regulators of osteoclast formation and activity. The receptor activator of NF-κB ligand (RANKL) is a member of the TNF ligand family, produced by osteoblastic stromal cells as well as T cells, and acts upon its receptor, RANK, in mononuclear cells to program osteoclast differentiation and maintain their activity (reviewed in ref. 10 ). Together with the soluble TNF receptor molecule osteoprotegerin (OPG), a decoy receptor that is a powerful inhibitor of RANKL/RANK interaction, RANKL interaction with RANK, modulated by OPG, constitutes an exquisitely regulated system that ensures controlled osteoclast formation from hemopoietic precursors, as well as the maintenance of active osteoclasts. These molecules are intimately involved in the increased osteoclast formation around breast cancer metastases in bone.
PTHrP: an osteolytic cancer product
The discovery of PTHrP as a likely cause of hypercalcemia in many patients with cancer provided new insights into the pathogenesis of the skeletal complications of malignancy. Studies have revealed PTHrP as a previously unrecognized hormone, important in fetal development and in the pathogenesis of hypercalcemia when produced in excess in certain cancers, but otherwise exerting essential paracrine actions in a number of fetal and adult tissues (11) . The syndrome of the humoral hypercalcemia of malignancy is explained by the production of excess PTHrP, which acts generally upon the skeleton to increase bone resorption and on the kidney to reduce calcium excretion. PTHrP does so in a manner identical to that of PTH, by acting upon the receptor (PTH1R) that it shares with PTH. Neutralizing anti-PTHrP antibodies are effective in preventing and treating the syndrome in animal models (12, 13) .
In addition to this role of excessive circulating PTHrP in several cancers, PTHrP is produced by two-thirds of primary breast cancers and 90% of bone metastases (14) , leading to the concept that local PTHrP production by breast
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cancer cells that reach bone promotes the bone resorption process, thus favoring tumor establishment and expansion. The experimental model that has provided the most support for this is one in which PTHrP-producing human breast cancer cells have established themselves and grown as lytic deposits in bone after injection into the arterial circulation of immune-deficient mice (8, 15) . This tumor establishment and growth can be prevented by inhibition of bone resorption, using bisphosphonates or neutralizing mAb's against PTHrP (8, 15) .
Anti-PTH-rP therapeutics?
Reasoning that tumor cell production of PTHrP in bone is an important factor in helping the cancer to flourish there, Gallwitz et al. (9) looked for small molecule inhibitors of PTHrP production by screening for inhibitors of transcription through the PTHrP gene promoter. The two molecules found to be active in the appropriate in vitro and in vivo assays, 6-thioguanine and 6-thioguanosine, were discovered by a screen carried out on a number of known anticancer drugs. Therapeutics directed at transcriptional controls would be expected to have problems of specificity, but a further screen of a relatively small library of compounds (less than 10,000) yielded no other positives, and in another test of specificity, the two candidate molecules had no effect on the activity of five unrelated gene promoter-reporters. Both of the compounds were effective in combatting humoral hypercalcemia and bone tumor growth in experimental murine models, and the authors propose that modulation of PTHrP production with this approach could provide a new therapeutic pathway for the treatment of the skeletal complications associated with cancer. If drug discovery is embarked upon using the promotor-based assay as a screening method, then it would clearly be useful to cast the net more widely and make use of a high throughput screen with libraries of at least several hundred thousand compounds.
There may be additional roles for PTHrP in the pathophysiology of cancer, especially those suggested in the "vicious cycle" hypothesis of Mundy (5) . This theory proposes that, following initiation, the bone metastatic process is amplified because the microenvironment (with enhanced production of TGF-β [ref. 16] and perhaps other growth factors) increases PTHrP production, thereby favoring osteoclast formation and furthering tumor growth (Figure 1 ). Candidate drugs discovered during a PTHrP-promoter screen should also be evaluated for their ability to inhibit TGF-β stimulation, since TGF-β's effect on PTHrP production is transcriptional as well as posttranslational (17, 18) . Indeed, a protein kinase C inhibitor, calphostin C, has been shown to inhibit activity of the PTHrP promoter; thus protein kinase C inhibitors might constitute another class of compounds worth investigating as inhibitors of PTHrP production (18) .
The frequency of PTHrP production in breast cancer, its ability to promote bone resorption, and the efficacy of resorption inhibition in limiting bone metastasis growth all suggest that reduction of PTHrP production or action could be of benefit in late stages of cancer. Reduction of PTHrP availability or action could be addressed with humanized anti-PTHrP antibodies, one of which is currently in clinical trial (reported in ref. 5) , or with receptor antagonists if they are suitably effective and specific, or by aiming at pharmacological reduction of tumor PTHrP production, as proposed by Gallwitz et al. (9) . Figure 1 illustrates these approaches to inhibiting cancer cell interaction with bone and also identifies targets that are of current interest for use in the therapeutic reduction of osteoclast formation and activity.
Use of PTHrP reduction as a therapeutic mechanism does, however, raise other questions. In the only prospective clinical study to date, women with PTHrP-positive primary breast cancers had a significantly better prognosis than did those with PTHrP-negative tumors, as evidenced by reduced metastases at all sites, including bone (19) . This raises the possibility that PTHrP production at an early stage might confer a less invasive phenotype upon the breast cancer cell. The underlying mechanisms remain speculative, but PTHrp is a multifunctional protein (11) that may yet offer some surprises. Attention was drawn recently to an antiangiogenic effect of N-terminal PTHrP (20) . The prospect of PTHrP being "protective" at one stage of cancer and having a deleterious role at another is an intriguing one. The two are by no means inconsistent, since resorption stimulation does not reflect a general invasive property but a specific function that comes into play in complementing the general invasive properties of the cancer cells. It is enhanced by factors in the bone microenvironment, and it specifically favors growth in bone.
The factors involved in the generation and maintenance of osteoclast activity are receiving much attention, especially since the discovery of the controlling influence of the TNF ligand and TNF receptor family members. Therapeutic efforts directed against the skeletal complications of cancer embrace those targets (OPG, RANKL and RANK) (Figure 1) , as well as PTHrP as a proximal cause. It should also be recognized that there are other breast cancer products that might profoundly influence bone metastasis establishmentprostaglandins, IL-6, and IL-11, to mention a few (10) . PTHrP has been the focus of much more intensive study than these, but their participation is plausible, and their contribution to the skeletal complications of cancer will need to be fully evaluated and put into perspective.
